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Open access under the ElA new compact system encompassing in ﬂow gas diffusion unit and a wall-jet amperometric FIA detector,
coated with a supramolecular porphyrin ﬁlm, was specially designed as an alternative to the time-
consuming Monier-Williams method, allowing fast, reproducible and accurate analyses of free sulphite
species in fruit juices. In fact, a linear response between 0.64 and 6.4 ppm of sodium sulphite,
LOD = 0.043 ppm, relative standard deviation of ±1.5% (n = 10) and analytical frequency of 85 analyses/h
were obtained utilising optimised conditions. That superior analytical performance allows the precise
evaluation of the amount of free sulphite present in foods, providing an important comparison between
the standard addition and the standard injection methods. Although the ﬁrst one is most frequently used,
it was strongly inﬂuenced by matrix effects because of the unexpected reactivity of sulphite ions with the
juice matrixes, leading to its partial consumption soon after addition. In contrast, the last method was not
susceptible to matrix effects yielding accurate results, being more reliable for analytical purposes.
 2011 Elsevier Ltd. Open access under the Elsevier OA license. 1. Introduction
Sulphur dioxide, sulphites and meta-bisulphites are commonly
used as food additives because of their activity as enzyme inhibi-
tors and antioxidants for preventing non-enzymatic browning
reactions. Therefore, they play stabilizing and conditioning roles,
preserving the ﬂavour, texture and colour of a variety of foodstuffs
(Walker, 1985). Due to such a large spectrum of action, those addi-
tives have been employed in wines and liquors, dried fruits and
vegetables, juices, beverages, processed meats and sausages, as
well as in food conditioning formulations used in restaurants and
supermarkets (Sapers, 1993). Nevertheless, they can produce dis-
agreeable aroma and taste, or even hazardous effects to human
health, when used in high concentrations. Hypersensitive people
may exhibit nausea and dizziness even at low concentrations,
while life-threatening reactions have been reported at much high-
er concentrations. Accordingly, they have long been monitored in
many countries on a routine basis (Leclerq et al., 2000; Taylor &
Bush, 1986; Verger, Chambolle, Babayou, Le Breton, & Volatier,
1998).sevier OA license. Sulphite species can be found free or bound in the food matrix
(Barnett, 1985; Kelly, Scotter, Macarthur, Castle, & Dennis, 2002;
Wedzicha, 1992). The reversibly bond sulphite can be released as
SO23 ion, in strong alkaline conditions. The so-called free sulphite
species can be found in solution as SO2, HSO

3 and SO
2
3 , and their
relative concentrations depend on pH (Wedzicha, 1992). However,
only the SO2, which is in acid–base equilibrium with the other two
species, exhibits antiseptic properties (Jarvis & Lea, 2000). How-
ever, HSO3 and SO
2
3 ions act as reservoirs because can be rapidly
converted to the active species by lowering the pH of the solution.
The reversibly bond sulphite also can be converted to one of those
species more or less rapidly, acting as supplemental reservoir. The
total amount of sulphite is given by the concentration of the free
and reversibly bond forms.
The standard procedure for the determination of the amount of
free sulphite in foodstuffs is the Monier-Williams (M-W) method.
Reproducible results down to about 10 ppm have been consistently
obtained with this method, but it is time consuming and inade-
quate on a routine basis (Fazio & Warner, 1990; Taylor & Bush,
1986). Accordingly, spectrophotometric, quimioluminescent and
direct iodometric titration methods, in addition to enzymatic and
amperometric methods, have been pursued as more convenient
alternatives (Azevedo, Araki, Toma, & Angnes, 1999; Claudia &
Francisco, 2009; Lowinsohn & Bertotti, 2001; Safavi & Ensaﬁ,
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acteristics, but fast, reliable and cost effective instrumental meth-
ods for sulphite analyses in foods are still on the way (Machado,
Toledo, Almeida, & Vicente, 2008; Popolim & Penteado, 2005).
Among the several possible strategies, devices based on amper-
ometric Flow Injection Analysis (FIA) are particularly interesting
because of their high sensitivity and speed, allied with low instru-
mental and operational cost, mild operating conditions, use of
small amounts of sample and reagents, and little or even no time
required for sample preparation. Accordingly, in the present work
we describe a new compact ﬂow injection system, integrating a gas
diffusion unit and an amperometric detector based on glassy car-
bon electrodes chemically modiﬁed with supramolecular porphy-
rin ﬁlms, for the analyses of free sulphite in industrialised foods.
Those molecular nanomaterials have been thoroughly investigated
and characterised, providing remarkable functional interfaces for
amperometric sensors and devices (Araki & Toma, 2006; Azevedo,
Araki, Angnes, & Toma, 1998; da Rocha, Demets, Bertotti, Araki, &
Toma, 2002; Toma & Araki, 2009). The potential usefulness of the
new integrated system is being demonstrated for concentrated
juices, but one can envisage its use for the analyses of any product
containing sulphite.Table 1
Free sulphite content in some industrialised concentrated juices determined by M-W
method and amperometric FIA using the standard injection method. The average of
three measurements and the respective deviation (in parentheses), as well as the ratio
of the respective FIA and M-W analyses are listed.
Sample Sulphite content mg SO2/L (ppm) FIA/M-W
M-W FIA
Cashew A 198.4 (±4.2) 214.4 (±2.0) 1.1
Cashew B 198.1 (±3.9) 199.0 (±3.0) 1.0
Grape A Not detected Not detected –
Grape B Not detected Not detected –
Grape C 10.4 (±0.4) 14.5 (±0.4) 1.4
Coconut water A 62.4 (±2.4) 82.9 (±1.8) 1.3
Coconut water B 47.9 (±1.1) 58.6 (±0.4) 1.22. Materials and methods
2.1. Chemicals and solutions
Milli-Qwaterwas used to prepare the solutions. Analytical grade
reagents were used throughout. The carrier electrolyte (acceptor
solution) is a 0.2 mol L1 KNO3 solution, containing 0.1 mol L1
phosphate buffer (pH 6.8) while the donor is a 2.0 mol L1 sulphuric
acid solution. A 0.05 mol L1 sodium sulphite stock solution was
prepared with a previously deoxygenated electrolyte solution,
standardised with an iodine solution (in fact, I3 solution standard-
ised with thiosulphate) and used in the FIA analyses. The packages
of concentrated fruit juices and coconutwater sampleswere opened
just before use, under a nitrogen atmosphere, in order to minimise
the contactwith air. All solutions (donor, acceptor and sulphite stan-
dard)were purgedwithnitrogen gas for at least 15 minbefore use to
assure the quality of the analytical data.
2.2. Samples for analysis
Typically, samples of two or more brands of commercial con-
centrated cashew, grape and orange juices, and coconut water
were submitted to comparative analyses. The samples were pur-
chased in the local supermarkets taking into account the produc-
tion date. Two identical samples of each product (one for M-W
and other for FIA analysis), and with the most recent production
date, were analysed immediately after opening the package, in
order to minimise the oxidation of sulphite by atmospheric
oxygen.
2.3. Monier-Williams method (M-W)
Monier-Williams analyses were carried out in the Institute
Adolfo Lutz according to the procedure described in (Fazio &
Warner, 1990; Warner, Daniels, Joe, & Fazio, 1986). 130 mL of
bidistilled and deaerated water and 50 g of a sample (opened just
before analysis) were quantitatively transferred to the distillation
ﬂask. Then, 90 mL of 4 mol L1 HCl solution were added and the
solution reﬂuxed for 120 min. Nitrogen gas was introduced into
the distillation ﬂask to keep a positive pressure and a suitable
slow ﬂow. In this way the SO2 gas was quantitatively transferred
to a couple of collection ﬂasks and bubbled into 43 and 7 mL of3% v/v hydrogen peroxide solution kept in ice/water bath. The con-
tent of both ﬂasks were then quantitatively transferred to an erlen-
mayer ﬂask and titrated with standardised 0.05 mol L1 NaOH
solution, using methyl red (0.2% in ethanol) as acid–base indicator.
The 3% v/v hydrogen peroxide solution was used as blank sample
and titrated in the very same conditions. The averages of at least
three independent analyses are shown in Table 1.
2.4. Flow injection analysis (FIA)
The FIA method is based on the injection of a sample into a car-
rier stream generating a dispersion zone that is transported to the
detector for analysis. The analytical signal (current, absorbance or
other signal) can be registered as a function of time, generating
peaks every time a dispersion zone reaches the detector. The peak
height generally is directly proportional to the concentration of the
analyte provided that the experimental conditions are kept
constant.
A scheme of the experimental arrangement including a FIA cell
with integrated gas diffusion unit (GDU) and amperometric detec-
tion (D), constituted by three parts made in Plexiglas, is shown in
Fig. 1. The sulphuric acid solution reservoir (A) is connected to
the section (1) of GDU through a manual sample injector (C), while
the carrier electrolyte solution reservoir (B) is connected directly to
section (2) of the GDU. A thin semi-permeable PTFE ﬁlm (allow dif-
fusion of gases only) is used to separate the perfectly matching
channels in the bottom of piece (1) and at the top of the piece
(2), separating the channels of the upper donor and the lower
acceptor streams, setting up the gas diffusion unit. The section
(2) has a passing through channel in the middle to transport the
carrier electrolyte solution until the surface of the GC electrode
modiﬁed with a supramolecular porphyrin (4), which is kept in
place in the section (3) having a hole in the centre to ﬁt and hold
it. A spacer is used in between pieces (2) and (3) to keep a repro-
ducible and suitable distance between them setting up a wall-jet
amperometric FIA cell. A stainless steel tube is connected to the
exit of section (2) and used as counter electrode. An Ag/AgCl/
KCl(1 mol L1) reference electrode was also build in and connected
to the collector channel at the bottom of section (2). The ﬂow rates
of the sulphuric acid and carrier electrolyte solutions are controlled
using the gravitational force and pinch valves. All the connections
were made using 0.6 mm (inner diameter) Teﬂon tubing.
A glassy carbon electrodemodiﬁed with a supramolecular tetra-
ruthenated porphyrin, ZnTRP/FeTPPS, was used as detector. Few
nanometres thick ﬁlm was prepared in situ on the GC electrode
using layer-by-layer electrostatic assembly (Araki, Wagner, &
Wrighton, 1996) of a cationic tetraruthenated porphyrin ([ZnTPy-
P{Ru(bipy)2Cl}4]4+ complex = ZnTRP) and a tetra-anionic meso-
tetrasulphonatephenylporphyrinate iron complex (FeTPPS), as pre-
viously described (Azevedo et al., 1998, 1999; da Rocha et al.,
2002).
Fig. 1. Scheme showing the amperometric FIA analyses system: sulphuric acid (A)
and carrier electrolyte solution (B), manual injector (C), amperometric FIA cell (D)
with integrated gas diffusion unit (GDU) and GC electrode modiﬁed with a
supramolecular porphyrin ﬁlm (4). The three pieces of the amperometric FIA cell
(1–3) are also shown.
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2.0 mol L1 H2SO4 solution, converting the free sulphite to gaseous
SO2, that diffuses rapidly through the PTFE membrane, is collected
by the carrier electrolyte solution and transported to the ZnTRP/
FeTPPS modiﬁed electrode in few seconds. All potentials are refer-
enced to the Ag/AgCl/KCl(1 mol L1) electrode. All measurements
were carried out at +0.90 V (vs Ag/AgCl). Pyrocatechol, glucose, so-
dium benzoate and citric acid (Sigma–Aldrich) were used to check
the robustness of our amperometric FIA method to the major clas-
ses of interfering agents that can be found in foodstuffs.
3. Results and discussion
The sulphite content in food has long been monitored on a reg-
ular basis by governmental and non-governmental organizations
in USA and European countries. For food producing countries, such
as Brazil, such procedures are of utmost relevance, but unfortu-
nately they remain relatively scarce up to the present time. Those
studies have shown that in most of the cases, the industrialised
foodstuffs are being additivated according to the legislation. But,
in some speciﬁc cases the sulphite concentration can be high en-
ough to surpass the acceptable daily ingestion (ADI) limit, particu-
larly in the case of large-scale consumers. For example, considering
the average daily ingestion of four glasses of cashew juice (1.0 L/
day) by a 40 kg child, (Yabiku, Takahashi, Martins, Heredia, & Zene-
bon, 1987) noted that more than half of the analysed samples
(51%) gave ADI values much higher than the currently accepted
limit of 0.7 mg/kg/day. More recently (Machado et al., 2008) also
found similar results for some industrialised juices.
However, it is well known that sulphite analyses can exhibit
high variability (Bendtsen & Jorgensen, 1994; Daniels et al.,
1992) mainly because of three factors: (a) the high reactivity of sul-
phite towards O2, (b) the characteristic/limitations of the analytical
method itself and (c) possible matrix effects. Considering, for
example, the iodometric titration method commonly used in
industry, it is well known that analyses of coloured samples are
prone to signiﬁcant errors because of the difﬁculties to determine
the exact end-point. Also, sulphite can react more or less exten-
sively with O2 being oxidised to sulphate. Furthermore, foodstuffs
themselves are complex mixtures of several potentially interferingcomponents, such that analytical methods with higher selectivity
or speciﬁcity should be used to avoid the possible sources of error.
The main interfering agents in amperometric methods are spe-
cies with similar or lower redox potentials than of the analyte. In
addition, there are several species that can adsorb or react with
the electrode surface, leading to its poisoning and/or inactivation.
It has been demonstrated that the main advantages of the supra-
molecular tetraruthenated porphyrin ﬁlm modiﬁed electrodes are
the rather high stability, sensitivity and low susceptible to elec-
trode poisoning. In addition, the rapid conversion of sulphite to
SO2 gas by acidiﬁcation and diffusion through a semi-permeable
membrane is a very convenient strategy to enhance the selectivity
and avoid poisoning of the electrode. Our amperometric FIA sys-
tem combines the favourable properties of the supramolecular
porphyrin materials and the selectivity of the gas diffusion cells.
Furthermore, a careful analysis showed that the sequence of steps
performed in our amperometric FIA method is very similar to that
found in the standard Monier-Williams method involving (a) the
conversion of free sulphite species to SO2 gas by acidiﬁcation and
separation by diffusion through a semi-permeable membrane vs.
distillation; (b) collection by a buffered solution vs. absorption in
H2O2 solution; and (c) amperometric detection vs. acid–base titra-
tion. Amperometric measurements using a separate in line gas dif-
fusion unit have already been successfully performed (Azevedo
et al., 1999), showing advantages such as higher sensitivity, repro-
ducibility and productivity for sulphite analyses in comparison
with the M-W method. In this work, a more efﬁcient and compact
amperometric FIA cell integrating a gas diffusion unit, exhibiting
improved overall performance for food analyses, is presented.
3.1. Optimisation of FIA system
First of all, the parameters of the FIA amperometric systemwere
evaluated and optimised before starting the analyses of real sam-
ples. For this purpose, the inﬂuence of parameters such as the con-
centration of sulphuric acid solution, the volume of the sample, the
ﬂow rate of the carrier electrolyte and H2SO4 solution and the ana-
lytical path travelled by the sample were evaluated.
Sulphite and bisulphite ions are rapidly converted to SO2 gas
when the sample is injected into a ﬂow of sulphuric acid solution.
However, the collection efﬁciency by the carrier electrolyte solu-
tion, and consequently the peak intensity, is a compromise be-
tween the diffusion rate of SO2 gas through the PTFE membrane
and the residence time of the sample in GDU. Accordingly, studies
were carried out in order to ﬁrst adjust the ﬂow rate of H2SO4 (do-
nor) and carrier electrolyte (acceptor) solution. A small signal in-
crease was observed for increasing ﬂow rates (Fig. 2D), in
addition to a more signiﬁcant lixiviation rate of the electrode mate-
rial. Accordingly, the ﬂow rate of 1.5 mL min1 was considered to
be the best compromise and chosen for both, the donor and accep-
tor solutions. Then experiments were carried out varying another
parameter and keeping the other parameters constant. For exam-
ple, peak currents equal to 12.2, 13.0 and 12.5 lA were obtained
respectively when 1.0, 1.5 and 2.0 mol L1 sulphuric acid was used
(Fig. 2A), implying the reaction is efﬁcient even at 1.0 mol L1 and
not very much sensitive to the concentration of H2SO4. Similar re-
sult was obtained for the analytical path (Fig. 2C), whose increase
in the 10–20 cm range was accompanied by a small increase of the
peak current due to the lower dispersion of the sample plug in the
stream of sulphuric acid solution. The most signiﬁcant parameter
among all was shown to be the volume of the sample (Fig. 2B),
which was controlled by the length of the sampling loop. In this
case, the peak current increased from 10.2 to 14.3 lA when the in-
jected volume was increased from 50 to 100 lL. However, there
was no further improvement of the signal, but rather a widening
of the peak generating a ﬂat plateau, when the injected volume
Fig. 2. Parameters optimisation for the amperometric FIA system: (A) concentra-
tion of sulphuric acid, (B) volume of the sample, (C) the analytical path and (D) ﬂow
rate. (E) Sets of three successive FIAgrams for samples of sodium sulphite solutions
in 0.1 M phosphate buffer, pH 6.8: (a) 0.64; (b) 1.6; (c) 3.2; (d) 4.8; (e) 6.4 and (f)
16.0 ppm of SO2. Inset: Plot of current vs. sulphite concentration (ppm of SO2).
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ingly, all experiments were carried out using the following opti-
mised parameters: [H2SO4] = 2.0 mol L1; volume of the
sample = 75 lL; analytical length = 10 cm; and ﬂow
rate = 1.5 mL min1.3.2. Limit of detection and reproducibility of the amperometric FIA
system
The dynamic range of the new cell was tested using standard-
ised sodium sulphite samples in the range of 0.64–16 ppm of
SO2. A linear correlation (R2 = 0.998) was found in the full range,
but a better correlation (R2 = 0.99998) was observed in the 0.64–
6.4 ppm range. One of the most remarkable characteristics of this
method is the very low noise and high signal to noise ratio even
at concentrations as low as 0.64 ppm of SO2 (Fig. 2E), indicating
that our FIA system has a much lower limit of detection, LOD, thanthe M-W method. In fact, there are different ways to estimate the
limit of detection. One of the most accepted methods involves a
relation between the magnitude of the analytical signal and the
statistical variations of the blank signal. Thus, it was estimated as
being 0.043 ppm of SO2 from the plots of current vs. sulphite con-
centration according to Eqs. (1)–(3) (Skoog, Holler, & Nieman,
2006) below:
Sm ¼ Sbl þ 3rbl ð1Þ
Cm ¼ ðSm  SblÞ=m ð2Þ
LOD ¼ 3Sbl=m ð3Þ
where Sm = Sbl + 3rbl and Sbl is the signal measured in the electro-
lyte solution, rbl is the respective average standard deviation and
m is the sensitivity (slope of the current vs. [sulphite] plot). How-
ever, a relative standard deviation of up to ±1.5% (n = 10) was eval-
uated for successive measurements in the 0.6–6.4 ppm of SO2,
probably because the sample injection is being carried out manually
and the reproducibility depends on the operator ability.
Recovery experiments were also carried out using sodium sul-
phite samples prepared with deoxygenated electrolyte solution.
In all cases, 100% recovery was obtained demonstrating the reli-
ability of our amperometric ﬂow injection analysis system.
One of the most eye-catching features is the speed (at least one
measurement per minute), high reproducibility and sensitivity as
shown in Fig. 2E, but real samples may contain many chemical spe-
cies that are potential interfering agents. So, the robustness of our
amperometric FIA method were evaluated in the presence of some
of the potential constituents/additives, more speciﬁcally sodium
benzoate, citric acid, glucose and pyrocatechol. The inﬂuence of
those compounds on the results was tested measuring the signal
of (a) pure sulphite solutions and (b) the interference of increasing
concentrations of those compounds on the analyses of samples
with the very same concentration of sulphite. No signiﬁcant
amperometric FIA signal could be measured for any of those com-
pounds at low concentrations (0.08 mmol L1), but relatively small
signals were observed for pyrocatechol and sodium benzoate,
when their concentration was increased to 8 mmol L1 (100 times
higher than sulphite concentration), as shown in the region indi-
cated as ‘‘g’’ in Fig. 3. Those results indicate that the PTFE mem-
brane is very selective, blocking virtually all other species except
the SO2 gas, strongly suggesting that our amperometric FIA method
is almost insensitive to those interfering agents. However, they can
interact with the analyte changing the analytical response. In order
to verify this assumption, experiments were carried out mixing
increasing amounts of those compounds to a sulphite sample and
the results are shown in Fig. 3. Among all compounds, the one that
should be present in highest concentration in juices is glucose that
increased the amperometric FIA signal only about 1–4%, in the
range of 0.08–8 mmol L1 (Fig. 3A). Pyrocatechol (Fig. 3C) induced
a steady decrease of the signal as its concentration was increased
reaching 5% at 0.8 mmol L1 and 15% at 8 mmol L1. Sodium ben-
zoate (Fig. 3B) induced about 5–10% decrease in the signal, but
no signiﬁcant change in the effect could be observed as a function
of the additive concentration. The strongest interference was ob-
served for citric acid as expected, because it is acidic enough to re-
act with sulphite releasing gaseous SO2. In this case, a steady
decrease of the signal, down to 20% of the intensity in the pure sul-
phite sample (Fig. 3D), was observed. Notice that, in this case, the
signal decrease is not reﬂecting a real interference of citric acid on
the analytical method but rather the actual decrease of the sulphite
concentration in the sample as SO2 gas escapes to atmosphere. In
conclusion, the interference was found to be relatively small even
when the concentration of the interfering agents was 10 and
100 times higher than of sulphite, except for citric acid that reacts
decreasing its actual concentration in solution. Those results
Fig. 3. FIAgrams of pure 0.08 mmol L1 sulphite (5.12 ppm SO2) solution (a) and
additivated with increasing concentrations of (A) glucose, (B) sodium benzoate,
(C) pyrocatechol and (D) citric acid: (b) 0.08, (c) 0.16, (d) 0.4, (e) 0.8, (f) 8 mmol L1
of the additive), and (g) pure 8 mmol L1 additive.
Fig. 4. (A) Sets of three FIAgrams for ten times diluted commercial cashew juice (a)
and for two subsequent fortiﬁcations with sodium sulphite, increasing the total
sulphite concentration in 6.4 (b) and 12.8 ppm (c). FIAgrams of successive injections
of a) standard 6.4 ppm sulphite solution, b) sample diluted in the carrier electrolyte
solution ((B) coconut water = 8; (C) orange juice = 10; (D) cashew juice = 10;
and (E) grape juice = no dilution) and (c) diluted sample fortiﬁed with 6.4 ppm of
sulphite, evidencing the matrix effects.
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tive method for analyses of free sulphite in food.
The reproducibility and memory effect of the method were
tested using diluted concentrated cashew juice (1:10 v/v, with
deoxygenated electrolyte solution) as sample. As can be seen in
Fig. 4A, the measurements have good reproducibility showing no
evidence of memory effect, since the set of repetitive measure-
ments for the same samples exhibited equivalent signals. In fact,
consistent FIAgrams were obtained for the sample and the sample
fortiﬁed with 6.4 and 12.8 ppm of sodium sulphite (signals a–c,
respectively) for three repetitive measurements in triplicate, sum-
ming up to 30 individual analysis. The analytical frequency was
85 injections/h.
3.3. Determination of free SO2 in concentrated juices and coconut
water
The method was tested for the analyses of industrialised con-
centrated cashew and grape juice and coconut water found in
supermarkets. The method of standard addition is generally used
for analytical purposes. It is based on a calibration curve con-structed using the results obtained for the pure sample and for
samples fortiﬁed with known amounts of the analyte, in our case
sulphite.
Similar behaviour was observed for three juice samples consid-
ered in the study as shown in Fig. 5, where typical FIAgrams and
respective current versus ½SO23 add plots are shown. Notice that lin-
ear plots with excellent correlations were obtained. This is gener-
ally used as evidence of the quality of the analytical data. In our
case, though, that behaviour was shown to be misleading, hiding
a serious problem. In fact, a more careful analysis of the data
shown in Fig. 5 reveals that the slopes (a) of the current vs
½SO23 add plots vary signiﬁcantly from sample to sample (cashew
juice (a = 0.60 and R2 = 0.999), grape juice (a = 0.55 and
R2 = 0.998) and coconut water (a = 0.69 and R2 = 0.999)). Further-
more, the slopes are smaller than the one for a pure sulphite solu-
tion. Accordingly, somehow the amount of SO2 generated in the
reaction with sulphuric acid is smaller than that expected. Among
the various possibilities that can be forwarded to explain what is
going on, only matrix effects seems to be a plausible explanation
in the case of our FIA method. That assumption is based in the fact
that the juice sample itself is not reaching the electrode surface
such that the possibility of electrode poisoning should be ruled
out. Also, the effects of major interfering agents were shown to
Fig. 5. FIAgrams obtained by standard addition method. The concentration of
sulphite was increased 6.4 ppm for each successive addition (b–e), starting with (a)
a pure juice sample diluted with the carrier electrolyte solution (coconut
water = 8; cashew juice = 10; and grape juice = no dilution). In the right are
shown the respective plots of current vs. total [SO2] in ppm.
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known that aldehydes, phenolic acids, antioxidants and some addi-
tives and nutrients can react with sulphite because of its high
nucleophilicity, forming adducts and cleaving S–S bonds in pro-
teins. The treatment of juices with pectinase is also known to pro-
duce some matrix effects (Scotter & Castle, 2004; Swales &
Wedzicha, 1992).
In order to shed more light on the inﬂuence of such matrix ef-
fects on the results, experiments were carried out using a standard
sulphite solution as reference (standard injection method) instead
of the samples fortiﬁed with sulphite (standard addition method).
The results of the analyses using samples of coconut water, orange,
grape and cashew juice are shown in Fig. 4B–D. For the ﬁrst two
samples, the signal for the fortiﬁed samples (c) are the one ex-
pected for no or little matrix effects, i.e., are the sum of the peak
currents for the sample (b) and the standard sulphite solution
(a). However, a signiﬁcant systematic decrease of the peak currents
was determined for the additivated cashew and grape juice sam-
ples (31% and 45%, respectively, relative to the fortiﬁcation) in
comparison with the pure samples (c). Such differences were as-
signed to reactions of the added sulphite with the cashew and
grape juice matrix, generating bond sulphite species that are stable
in 2.0 mol L1 H2SO4 solution and don’t generate SO2 gas, at least
during the time scale of the amperometric FIA analyses. Those
reactions should be quite fast since no change could be observed
after times longer than about a minute after the fortiﬁcation pro-
cess. Thus, the very same reactions should affect any analysis car-
ried out using the standard addition method and possibly theresults of recovery experiments carried out by the standard Mon-
ier-Williams method.
We can evaluate the error introduced by matrix effects using
the data shown in Fig. 4B–D, assuming that the current response
for the standard addition method is the difference between the
experiments ‘‘c’’ and ‘‘b’’. The results in ppm of SO2 are the follow-
ing for the standard injection and standard addition methods (re-
sults in parentheses): coconut water = 4.9  8 = 39.2 ppm
(40.8 ppm), orange juice = 6.3  10 = 63.0 ppm (67.0 ppm), cashew
juice = 10.1  10 = 101.0 ppm (143.0 ppm) and grape jui-
ce = 6.3 ppm (11.2 ppm), where 8 and 10 are the corrections
for the dilution factor. It is clear that the standard addition method
gave signiﬁcantly larger results in comparison with the standard
injection method, particularly in the case of cashew and grape
juices where up to 41% and 78% larger values were found.
Another factor that may introduce errors on the analytical re-
sults is the lixiviation of the ZnTRP/FeTPPS ﬁlm that eventually
can change the actual current response. Fortunately, the standard
injection method was proven to be immune to such effects because
the sample signal is always compared with the response of a refer-
ence solution obtained immediately before and/or after. However,
it is also important to evaluate how the FIA method compares with
the standard Monier-Williams method.
For this purpose, the results obtained for identical samples of
concentrated cashew and grape juices and coconut water were car-
ried out and shown in Table 1. It is interesting to note that the free
sulphite content in all samples was found to be within the range
established by the Brazilian legislation. Concentrated cashew
juices with high pulp content, traditionally showing much higher
sulphite concentrations, were found to be within acceptable limits.
Sulphite contents as high as 200 ppm were determined for the
cashew juice samples, but was below 15 ppm in concentrated
grape juices. In fact, in two of the analysed samples the sulphite
concentration was below the detection limit of the M-W and of
the FIA method. The low concentration of sulphite in grape juices,
close to the limit of the M-Wmethod estimated as 10 ppm, may be
responsible for larger errors and higher differences in those mea-
surements, since excellent signal to noise ratio and reproducible
results were obtained for the FIA analyses. It is important to notice
that the samples used in the analyses shown in Table 1 are differ-
ent from those used in all other experiments. The average of three
measurements and the respective deviation (in parentheses), as
well as the ratio of the respective standard injection FIA and
M-W method analyses are listed.
In general, the results of the FIA method compared well with
that of M-Wmethod. For instance, the cashew juice with high solid
content gave very similar results for both methods, suggesting that
amperometric FIA method is suitable for the free sulphite content
analyses. However, higher concentrations were consistently deter-
mined by FIA in comparison with the M-W method, probably due
to the lower inﬂuence of the oxygen in air during the manipulation
of the samples. In fact, oxygen tends to react with sulphite decreas-
ing its actual amount. To overcome this problem, the samples were
carefully prepared avoiding contact with air; and the FIA analyses
were carried out in minutes, providing an interesting alternative to
the M-W method.4. Conclusions
The new compact system, integrating a gas diffusion unit and a
wall-jet amperometric FIA detector using a glassy carbon electrode
modiﬁed with supramolecular tetraruthenated porphyrin, allowed
fast, reproducible and accurate analyses of free sulphite content in
concentrated juice samples. Two different ways of analysis were
examined: one based on the direct injection of a standard sample
P.R. Martins et al. / Food Chemistry 127 (2011) 249–255 255as reference followed by the injection of the real sample; and an-
other involving the injection of the real sample alone and with
increasing amounts of a standard solution. The ﬁrst one was shown
to be a more suitable and robust analytical method because it is
virtually immune to matrix effects. Contrary to the current expec-
tations, the standard addition method was found to be strongly
inﬂuenced by matrix effects.
The proposed system for sulphite analyses, constituted by a gas
diffusion unit in line with a wall-jet amperometric FIA detector
modiﬁed with a supramolecular porphyrin ﬁlm, was shown to be
an attractive alternative to the time-consuming Monier-Williams
method, allowing fast, reproducible and accurate analyses of free
sulphite species in fruit juices. In fact, a linear response between
0.64 and 6.4 ppm of sodium sulphite, LOD = 0.043 ppm, relative
standard deviation of ±1.5% and analytical frequency of 85 analy-
ses/h (or even more) can be obtained using the optimised condi-
tions. In addition, the new FIA system uses small amounts of
sample, consumes minute amounts of reagents, has low cost, and
is suitable for online production control and monitoring. The appli-
cations will be limited in the case of too viscous samples or sam-
ples containing solid particles that may obstruct the channels
and will cause ﬂuctuations of the laminar ﬂow of the donor and
acceptor solutions.Acknowledgements
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